Although multiple lines of evidence have suggested that a circulating endogenous digitalislike factor (DLF) might contribute to the pathogenesis of sodium-sensitive hypertension, the subject remains controversial. This study was designed to compare the influence of potassium on vascular responses to an endogenous DLF isolated from peritoneal dialysate (PD) in volume-expanded patients with other sodium pump inhibitors, such as ouabain and bufalin, and the influence of serotonin as an index of specificity. An increase in bath potassium (K ؉ ) concentration from 2.7 to 10 mmol/L relaxed bovine facial artery precontracted with serotonin, but induced a secondary paradoxical contractile response in vascular-smooth muscle (VSM) precontracted with ouabain, bufalin, or the endogenous DLF from PD. There was a strong correlation between the primary contraction induced by each sodium pump inhibitor, and the magnitude of the paradoxical secondary contractile response. The increase in potassium concentration did not influence ouabain binding in the 20 min required for the experimental protocol, although binding was decreased after 120 min. The findings indicate that the VSM contractile response induced by the agent isolated from PD reflects VSM sodium pump inhibition, supporting its candidacy as a circulating regulator of the sodium pump. Am
M ultiple lines of evidence have suggested that a circulating endogenous digitalislike factor (DLF) sodium pump inhibitor might contribute to the pathogenesis of sodium-sensitive hypertension, although the subject remains controversial. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] As there is no single specific assay for DLF, investigators have proposed the use of several measurement methods and that an assay using an in vitro cellular system is essential. 7 Central to the pathogenetic concept is the hypothesis that such a pump inhibitor acts on vascular smooth muscle (VSM) to induce a contractile response. 16 -18 For that reason, incorporation of a VSM assay has been attractive. A delayed and gradual time-course of the contractile response provides one criterion of an action by inhibition of the [Na,K]ATPase. 19, 20 Immunochemical specificity provides another. 21 The response to potassium (K ϩ ) has been widely used as an index of the state of the sodium pump in isolated VSM and in blood flow through vascular beds. [21] [22] [23] [24] [25] [26] [27] Gebert and Piechowiak, 22 in their studies on bovine facial artery, showed that a small increase in K ϩ concentration would relax a precontracted smooth muscle preparation, whatever agent was used to induce the contraction, with one exception. In the case of ouabain, used specifically as a [Na,K]ATPase inhibitor, the small increase in K ϩ concentration produced a paradoxical contractile rather than relaxant response. A paradoxical, directionally opposite response as a marker for sodium pump inhibition would be exceedingly attractive as an end point. Our first goal in this study was to confirm and extend the observation to other sodium pump inhibitors.
We have identified a DLF candidate purified from the peritoneal dialysate (PD) of volume-expanded patients with chronic renal failure that has substantial activity in VSM preparations. 20, 28 Our second goal in this study was to ascertain whether the contractile response induced by this factor indeed reflected VSM sodium pump inhibition by exploring the interaction with changes in extracellular (bath) K ϩ concentration. Artery fragments were placed under initial tension of 3 g and equilibrated for 120 min at 37°C in KrebsRinger buffer saturated with 95% O 2 -5% CO 2 . Isometric tension was measured with force transducers (model FT23D, Grass Instruments, Quincy, MA) and a polygraph recorder (model 7D, Grass Instruments). Next, basal tension was reset to 0 and the contractility of the VSM strips was checked with brief exposure to 100 mmol/L KCl. The buffer was returned to the Krebs-Ringer medium containing 2.7 mmol/L K ϩ and relaxation to basal tension was allowed. Ouabain or bufalin in a range of concentration or DLF purified from PD were then added and tissue strips were allowed to contract, generally for 120 min, but on occasion up to 960 min (16 h). Next, K ϩ concentration was increased to 10 mmol/L and the arterial strip response was observed for the next 20 min. In parallel experiments serotonin-induced contraction was assessed for 20 min to achieve a plateau before increasing bath K ϩ concentration to 10 mmol/L, and the subsequent vascular response was again observed for 20 min.
MATERIALS AND METHODS

Vascular Tissue Preparation and Contraction Studies
Agents Tested
All of the agents used, with the exception of DLF, were obtained from Sigma Chemicals (St. Louis, MO). Graded concentrations of ouabain were used, ranging from 10 Ϫ8 to 10 Ϫ4 mol/L (total number of experiments, 63), whereas two concentrations of bufalin 10 Ϫ6 and 3 ϫ 10 Ϫ6 (n ϭ 10) or serotonin 10 Ϫ7 and 3 ϫ 10 Ϫ7 (n ϭ 14) were used. Each agent concentration was tested at least in four separate experiments.
DLF was purified from PD of volume-expanded patients with chronic renal failure as previously described. 28, 29 Peritoneal dialysate (2 L) was collected in the early morning from volume-expanded hypertensive patients who were on chronic ambulatory peritoneal dialysis for renal failure. The fresh dialysate was processed rapidly through an ultrafiltration step under Argon (Centrasette, Filtron, Chicago, IL; 1000 dalton exclusion membrane) followed by a series of rapid C 18 HPLC chromatographic steps as described previously. 28, 29 In a previous clinical study using volume expansion in these patients, only one peak of activity in the eluate of the HPLC fractionated dialysate was found to be correlated with volume expansion, blood pressure, and serum activity. 28 This same material was also found to be chemically labile. 30 The solvents were removed rapidly under reduced pressure and the DLF was assayed immediately. The time from collection of specimen to its introduction into assay systems was approximately 3.5 h, and its spontaneous disappearance typically takes 36 to 48 h. 30 The 1-kD ultrafiltration and two-step HPLC preparation separated DLF completely from natural steroids and such glycosides as ouabain, digoxin, or bufalin. 29 Because of DLF's lability, 30 the factor freshly purified from PD was used the same day to assess its influence on VSM contraction.
Ouabain Binding For ouabain-binding experiments fragments of fresh bovine facial artery (ϳ15 to 18 mm, 40 to 80 mg wet weight) were prepared, and cut into several small pieces. The protocol was similar to that used in the arterial contraction studies described above. Tissue fragments were equilibrated in 1 mL of Krebs-Ringer solution for 120 min, 37°C, in a shaking water bath. Next, incubation medium was changed to fresh Krebs-Ringer solution containing 2.7 mmol/L K ϩ and ϳ100,000 counts/min
mmol/L final concentration). After 120 min incubation, K ϩ concentration was increased to 10 mmol/L in one set of tubes and the incubation was carried out for an additional 20 min. In another two sets of tubes, a K ϩ concentration of 2.7 or 10 mmol/L was used for the entire 140-min incubation period. Nonspecific binding was determined in a separate set of tubes, which contained unlabeled ouabain at 5 ϫ 10 Ϫ4 mmol/L. Statistics To facilitate comparison of responses to the several concentrations of serotonin, ouabain, and bufalin used, contractile or relaxation responses due to the K ϩ concentration increase were compared as a function of initial contraction. Two-way ANOVA was used with repeated measures design (two-way RM ANOVA) with the first variable as dose, and the second as response. The effects of DLF were analyzed by t test. Correlations were determined with the Pearson linear correlation method. To specify which parameter correlated best with pump inhibitor concentrations, multiple regression analysis was performed in the fixed, nonlinear mode. Data were transformed logarithmically before entering the analysis. Results are expressed as means Ϯ SEM.
RESULTS
In tracings from typical experiments the increase in K ϩ concentration induced the anticipated relaxation of the smooth muscle strip contracted with serotonin, but a directionally opposite contraction when the smooth muscle strip contraction had been induced with either ouabain or DLF (Figure 1 ). An increase in bath K ϩ concentration from 2.7 to 10 mmol/L had no influence on resting vascular tone in quiescent smooth muscle strips. When ambient concentration was increased to 10 mmol/L in baths containing strips that were precontracted by serotonin, relaxation was observed in each of 14 strips (P Ͻ .001; Figure 1 top) . Conversely, when the strips had been precontracted by exposure to a cardiac glycoside, such as ouabain (Figure 1 middle) or bufalin, the same increase in bath K ϩ lead to a secondary paradoxical contractile response. Significant paradoxical contractile responses were seen for ouabain concentrations equal to or higher than 10 Ϫ7 mol/L (two-way RM ANOVA; P Ͻ .01). Bufalin in concentrations of 10 Ϫ6 and 3 ϫ 10 Ϫ6 mol/L also predisposed to paradoxical contractions in response to increased bath K ϩ (two-way RM ANOVA; P Ͻ .001). Similarly, a paradoxical secondary contractile response followed purified DLF (Figures 1 and 2) . A primary contraction of 0.37 Ϯ 0.12 g induced by DLF was followed by a larger secondary contraction induced by the K ϩ increase (0.82 Ϯ 0.22 g; P Ͻ .01). There was an excellent correlation between the magnitude of the primary contractile response to serotonin and the relaxant response to the rise in K ϩ concentration (r ϭ Ϫ0.92, P Ͻ .001; Figure 3 ). There was also a good correlation between the magnitudes of primary contractions and paradoxical secondary contractile responses to K ϩ concentration rise when ouabain (r ϭ 0.63, P Ͻ .001; Figure 3 ) or bufalin (r ϭ 0.74, P Ͻ .02, not shown) were used. Similarly, in response to purified DLF, a significant correlation like that observed with cardiac glycosides, was found between primary and paradoxical contractions (r ϭ 0.67, P Ͻ .05; Figure 2 ). A multiple regression procedure was used to relate ouabain concentration and the primary and paradoxical contractile responses. A highly significant relation between two latter variables and ouabain concentration was found (r ϭ 0.77, P Ͻ .001). On further analysis only the secondary paradoxical contractile response after K ϩ increase was an independent prediction factor (r ϭ 0.77, P Ͻ .001) of the ouabain concentration. The experiments with purified DLF were used in a parallel manner to calculate its putative concentration in ouabain equivalents from the contractile responses. The DLF effects corresponded to those that would be produced by 2.7 ϫ 10 Ϫ8 to 8.8 ϫ 10 Ϫ7 mol/L of ouabain. The influence of steady-state K ϩ concentration on ouabain binding by the vascular tissue was as anticipated (Figure 4) . Ouabain binding was significantly greater at lower (2.7 mmol/L) than higher (10 mmol/L) steady-state K ϩ concentration (P Ͻ .05). However, a transient 20-min increase in bath K ϩ concentration from 2.7 to 10 mmol/L, the time interval used for the studies on the contractile response, had no significant effect on ouabain binding.
DISCUSSION
This study was designed to examine systematically the relationships between an abrupt increase in K ϩ concentration and responses of precontracted VSM and to extend these observations to a DLF that we have isolated under conditions of volume expansion from PD in patients with chronic renal failure. 28 As anticipated the increase in K ϩ concentration from 2.7 to 10 mmol/L resulted in VSM relaxation in serotonincontracted strips. The larger the primary serotonininduced contraction, the greater the relaxation; therefore, the maneuver returned contractile state almost to baseline. Maximal vascular relaxation has been shown to occur at the 10-mmol K ϩ concentration. 32 Conversely, over the same range of primary contractions induced by two well-characterized sodium pump inhibitors, ouabain and bufalin, the identical increase in K ϩ concentration resulted in another secondary contraction. Although a high and a low steady-state bath K ϩ concentration had the anticipated influence on ouabain binding, the 20-min interval used for the assessment of the secondary contractile response was too short for the change in bath concentration to influence ouabain binding. Thus, the paradoxical contractile response reflects more distal events not complicated by changes in binding. Most important, the DLF isolated from PD acted in this system very much like ouabain and bufalin. Not only was the contractile response to the DLF associated with a paradoxical contractile response to K ϩ , there was a strong correlation between the primary contractile response to DLF and the secondary contractile response to the increase in bath K ϩ . Thus, the endogenous DLF induced a contractile response through a mechanism closely resembling that of ouabain and bufalin.
FIGURE 2. Correlation between the magnitude of primary vascular contraction and the secondary contractile response to K
ϩ concentration change (K ϩ 2.7
to 10 mmol/L) when the endogenous digitalis-like sodium pump inhibitor (DLF) purified from peritoneal dialysate was used (r ϭ 0.67, P Ͻ .01).
FIGURE 3. Correlations between the magnitude of vascular muscle primary contraction and the relaxant response to
What is the mechanism responsible for the paradoxical response? A large contraction in response to a large increase in extracellular or bath K ϩ concentration has long been recognized to reflect a depolarizing effect expected from the Nernst and Goldman equations. 33 Conversely, the vasorelaxant effect of a small increase in extracellular K ϩ concentration has been attributed to stimulation of the sodium pump. [21] [22] [23] [24] In accord is the observation that the monovalent ion specificity of vasorelaxation parallels their influence on the sodium pump. 34 Moreover, potassium-induced VSM hyperpolarization was associated with increased contractile element sensitivity to calcium. 35 Gebert and Piechowiak 22 interpreted their findings in bovine facial artery, confirmed in this study, as indicating that in the absence of the offsetting vasorelaxant effect, the electrogenic influence of a rise in bath K ϩ becomes evident even with a modest increase in bath K ϩ concentration, from 2.7 to 10 mmol/L. If correct, this would make a paradoxical secondary contractile response a specific sign of a sodium pump inhibited VSM, a useful tool to those interested in the isolation of DLF.
In the case of the candidate isolated from PD, these observations support multiple earlier lines of evidence to indicate that DLF induces a VSM contractile response by way of sodium pump inhibition. Specificity of action is a crucial requisite to establishing candidacy. We demonstrated that a simple Na pump inhibitor was present in the PD of volume-expanded hypertensive renal failure patients-the increase in volume expansion correlated with blood pressure and paralleled serum DLF levels. 28 This inhibitor crossreacted with antisera directed against digoxin, 20, 28, 36 which reversed biological action 20, 37 including reversal of VSM contraction induced by the DLF candidate. 20 The delayed and sustained gradual VSM contraction induced by the PD candidate in earlier studies, 20, 28 and confirmed in this study parallels the time course of measured VSM Na content with Na pump inhibition. 19 Specificity of action is also evident at the level of chemical action for the PD candidate, which acted reversibly and exclusively on the digitalis-binding site of the Na pump, producing inhibition specifically by limiting the dephosphorylation step of the pump's catalytic cycle. 37 Binding to that site by the PD candidate requires an ionic milieu identical to that required for all known cardiac glycosides. 38, 39 The PD candidate inhibited only Na,K-ATPase, and not other ATPases. 37 Finally, at the physical-chemical level the HPLC fraction used represents the third HPLC purification step and was shown to contain no other chemical species active against the sodium pump, even after two additional supercritical fluid chromatography purification steps. 36 Polarity of the HPLC candidate is intermediate, more polar than neutral lipids or fatty acids and less polar than ouabain, well separated from common steroids and cardiac glycosides by its HPLC elution time. 29 Finally, its lability differs from well-known cardiac glycosides, steroids, prostanoids, lipids, and fatty acids that have been shown to influence the sodium pump. 30 Taking in all the evidence for a specific moiety with a specific action is now very strong.
A relationship between the magnitude of the primary contractile response and the magnitude of the secondary response after the increase in bath K ϩ concentration from 2.7 to 10 mmol/L was not specifically anticipated, although it is not surprising. Probably the size of both the primary and secondary contractile response reflect the degree of VSM sodium pump inhibition induced by ouabain, bufalin, and the DLF. Certainly, the relationships were similar for the three agents. In the case of the secondary relaxation induced by the increase in bath K ϩ concentration, after serotonin the relationship is more complex. The magnitude of the primary contraction must be a limiting determinant of the amount of relaxation that is possible. Thus, a greater degree of relaxation in more contracted tissue is not a surprise. Increased sodium pump activity with an increase in K ϩ , it appears, was able to overcome almost completely the contractile response induced by serotonin, which does not operate to induce VSM contraction by way of the sodium pump. The increase in local K ϩ concentration that occurs during work has been suggested to regulate the level of hyperemia. 40 In the face of Na pump inhibition a rise in local K ϩ concentration and the resultant paradoxical vasoconstriction in the face of Na pump inhibition in vivo could result in inadequate perfusion in the presence of atherosclerotic disease. The findings are also relevant to a number of recent observations on hypertension mechanisms. 41, 42 Sodium pump inhibitors, endogenous or exogenous, may exaggerate hypertension through multiple mechanisms, including a vasoconstrictor response to fluctuations in serum K ϩ concentration.
An increase in extracellular fluid K ϩ concentration is known not only to stimulate the sodium pump, but also to reduce ouabain binding. 31 In this study, the 20 min used to assess VSM contractile behavior was too short to influence ouabain binding. One of the approaches to assaying and identifying candidates as the endogenous DLF has been competitive binding versus ouabain. The observations in this study suggest that the duration of the experiment could prove to be important if K ϩ is altered. The search for a DLF has been complicated by an extraordinary range of candidates that have been suggested, often on the basis of a single assay and marginal internal evidence. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Among the lines of evidence required for a candidate is that it exerts biological activity in relevant systems and that it acts by way of sodium pump inhibition. The K ϩ paradox in VSM provides compelling evidence of a biological action by Na pump inhibition. By this criterion, the endogenous DLF found in PD of volume-expanded patients with chronic renal failure is a candidate.
